Correspondence yasushi.miyashita@m.u-tokyo.ac.jp In Brief Miyamoto et al. found that the frontopolar cortex (area 10) is recruited for metacognitive evaluation of nonexperienced events, of which inactivation impairs confidence judgment of nonexperienced events without impairing the ability to identify novel event per se, in macaque monkeys.
INTRODUCTION
''I know that I know nothing.'' Our ability to realize our own ignorance (Squire et al., 1993) makes us insightful (Passingham and Wise, 2012; Rizzolatti et al., 2001; Rorie and Newsome, 2005; Rushworth et al., 2012) , but how is such insight achieved? For instance, at a party or conference, you may face a situation where you need to guess whether an unfamiliar person you are talking to is definitely new to you. In such a situation, not to hurt the person's feelings, you may change your behavior according to your confidence that you are meeting the person for the first time. To be confident that a non-experienced event was actually ''non-experienced,'' an introspective, comprehensive search of one's own memory is required. This is not the case for being confident on an experienced event (Kepecs et al., 2008; Kiani and Shadlen, 2009 ), which can result from simple successful matching of a present event with a specific past memory (Miyashita, 2004; Petrides, 2005; Squire et al., 1993 ; see Discussion for possible differences in the metacognitive processes between non-experienced and experienced items in animal and human experiments). Moreover, as compared with evaluation on mnemonic evidence per se, evaluation on absence of mnemonic evidence especially requires abstract conceptualization of one's own cognitive state. Therefore, if it could be captured, the neural substrate of metacognitive judgment on non-experienced events should differ from that on experienced events. Here, to test this hypothesis, we combined whole-brain fMRI search (Koyama et al., 2004; Logothetis et al., 1999 Logothetis et al., , 2001 Nakahara et al., 2002; Tsao et al., 2003; Vanduffel et al., 2001 Vanduffel et al., , 2002 for metacognitive sites of non-experienced events with subsequent reversible silencing of the localized sites in monkeys, as we have conducted previously for experienced events . The present study causally revealed that the frontopolar cortex (dorsal area 10), which does not contribute to metacognition on experienced events, serves as the neural substrate of awareness of one's own ignorance.
RESULTS

Metacognition Task for Non-experienced and Experienced Events and Behavioral Performance in an Animal Model
In the present study, monkeys performed a yes/no visual memory recognition test and made self-confidence judgment regarding identification of experienced and non-experienced items using the post-decision wagering paradigm (Middlebrooks and Sommer, 2012; Miyamoto et al., 2017; Figures 1A and S1A) . The monkeys' optimal choices in the postdecision wagering in light of their performance in the precedent recognition test were confirmed both by significantly positive meta-d' (Maniscalco and Lau, 2012) , a type II signal detection theory-based index (t 23 = 3.53; p = 0.0018; Figure 1B ) and by significantly positive ''phi coefficient (F),'' a contingency-tablebased statistical index (F Experienced , t 23 = 3.26, p = 0.0034; F Non-experienced , t 23 = 2.48, p = 0.020; Figure 1C ; see also Figures 1D and S1B-S1I; especially for metacognitive performance for retrieval of each position of cue items, see Figure S1I ). Both phi coefficient and meta-d' indices evaluate how optimally a subject chooses a high-bet (risky) or low-bet (safe) option for correct and incorrect responses in their precedent memory decision; here, phi coefficient was calculated separately for OLD and NEW trials, whereas meta-d' was calculated as a unitary index for both OLD and NEW trials. Response latency was longer for non-experienced items than for experienced items in the choice period (t 23 = 3.34; p = 0.0028; Figure S1F ), as predicted from psychological theories (Squire et al., 1993) . On the other hand, no significant difference in response latency was observed between following high-bet and low-bet choices (experienced items, t 23 = 1.80, p = 0.083; non-experienced items, t 23 = 0.58, p = 0.55), satisfying the established criterion for demonstrations of animal metacognition in laboratory environment using the post-decision wagering paradigm (Hampton, 2009 ).
Whole-Brain Search for Metacognitive Sites for Nonexperienced and Experienced Events
To search the whole brain for cortical areas in which fMRI activities predict metacognitive judgment on experienced and non-experienced items, we calculated a correlation coefficient (r F 3 fMRI ) between session-by-session metacognitive performance (F Experienced and F Non-experienced ) and fMRI activity in each voxel ( Figure 2A ; for imaging parameters, see Imaging data acquisition in STAR Methods; for the strategy to extract task-evoked fMRI signals, see Imaging data in STAR Methods).
We found that only fMRI activity within the bilateral frontopolar cortex (dorsal area 10) was significantly correlated with metacognitive performance for non-experienced items (p < 0.05; family-wise error [FWE] corrected across the whole-brain volume; Table 1 ; Figure 2B ; for anatomical labeling, see Petrides and 
Metacognition Task and Metacognitive Performance in fMRI Experiments in Macaque Monkeys
(A) Sequence of the metacognition task in the post-decision wagering paradigm (left) and metacognitive performance indices (right). Based on self-evaluation of performance in the memory stage (yes/no visual memory recognition task), monkeys chose a high-bet (risky) or low-bet (safe) option in the bet stage. Metacognitive performance was evaluated by both phi coefficient, a contingency- ), and meta-d', a type II ROC function. CH, correct high-bet; CL, correct low-bet; CR, correct rejection; FA, false alarm; IH, incorrect high-bet; IL, incorrect low-bet. (B and C) Metacognitive judgment performance in fMRI experiments evaluated by meta-d' (B) and phi coefficient (C) . Each open circle and dot represents a single session (n = 24). Bar graphs and error bars denote mean ± SEM. *p < 0.05; **p < 0.01; t test against zero. (D) Recognition performance in high-bet (dark gray) and low-bet trials (light gray) evaluated by correct response rate (left) and d' (right). Dot plots and error bars in the left panel denote mean ± SEM. Each dot in the right panel represents a single session. *p < 0.05; ***p < 0.001; paired t test. Also see Figure S1 . Pandya, 1999 ; for individual animal data, see Table S1A and Figure 2C) . Even by using a non-parametric Friedman's correlation, a pair of focal bilateral spots for metacognition of non-experienced items was identified in area 10, which satisfied wholebrain correction ([x, y, z] = [5, 23, 14] , Z = 5.15; [x, y, z] = [À6, 24, 15] , Z = 5.40; p < 0.05; FWE corrected). On the other hand, fMRI activities that significantly correlated with metacognitive performance for experienced items were not detected after whole-brain correction. This statistically conservative whole-brain search was complemented by region of interest (ROI)-based quantification in well-characterized areas involved in metacognition and recognition; specifically, we calculated r F 3 fMRI within the cortical region anteriorly from the posterior supraprincipal dimple (aPSPD) (the border of areas 9 and 9/46d) and the hippocampus, whose extents were defined based on our previous studies in monkeys , in addition to area 10 anatomically defined by previous studies (Sallet et al., 2013 ; see STAR Methods for details; see also Figure S5B ). For this ROI of area 10, fMRI activity was significantly correlated with metacognitive performance (phi coefficient) for non-experienced items (r F 3 fMRI = 0.59; p = 8.7 3 10
À6
; Figures 3A and 3B ), but not with experienced items (r F 3 fMRI = À0.19; p = 0.18). By contrast, for the aPSPD, which is essential for metacognitive judgment of remote memory , fMRI activity was not correlated with metacognitive performance for non-experienced items (B) Cortical areas predicting metacognitive performance for non-experienced items (left) and for experienced items (right; r F 3 fMRI ; z > 3.1; p < 0.001 uncorrected for display purpose). See Table 1 for coordinates of correlation peaks with p < 0.05, corrected by FWE across the whole-brain volume. Arrows, area 10 localized by whole-brain search. (C) Cortical areas predicting metacognitive performance for non-experienced and experienced items in each monkey (r F 3 fMRI ; z > 2.3; p < 0.01 uncorrected for display purpose). See Table S1A for coordinates of correlation peaks in each monkey. Also see Figures S2, S3 , S5, and S8 and Table S1.
(r F 3 fMRI = À0.092; p = 0.52), although it was significantly correlated with experienced items (r F 3 fMRI = 0.30; p = 0.036; Figure 3B ; see Figure S7 for the reproducibility of the results, as confirmed by another independent approach to extract neural correlates of metacognition; see also STAR Methods). Activities in both area 10 and aPSPD were also correlated with meta-d' (area 10, r meta-d' 3 fMRI = 0.51, p = 0.00015; aPSPD, r meta-d' 3 fMRI = 0.32, p = 0.026). Notably, they were not correlated with d', an index of recognition performance (area 10, r d' 3 fMRI = À0.049, p = 0.73; aPSPD, r d' 3 fMRI = À0.14, p = 0.31). On the other hand, fMRI activity in the hippocampus, identified as responsive to correct recognition , was correlated with d' (r d' 3 fMRI = 0.33; p = 0.019), but not with meta-d' or phi coefficient. We also found that area 10 was functionally connected with the aPSPD and the hippocampus (p < 0.05; FWE corrected across the whole-brain volume; Figure 3C; see STAR Methods) . The results of whole-brain search and ROI analysis on r F 3 fMRI , r meta-d' 3 fMRI , and r d' 3 fMRI for area 10 were consistent across monkeys (Figures 2C and S2 ; Table S1A ). Longer response latency was observed for metacognition of non-experienced items ( Figure S1F ). This might possibly reflect a greater difficulty or attentional load. However, we confirmed that the cortical activity in correlation with metacognitive performance of non-experienced items survived (p < 0.05; FWE corrected across the whole-brain volume; Tables 2, S1B, and S1C; see Figure S3 ), even after ruling out an overall difficulty account or attention account, by means of partialling out variance related to response latency (see Discussion). The peak of the correlation for metacognitive performance of nonexperienced items was confirmed to be located at area 10 in the frontopolar cortex by all of the three independent anatomical criteria based on cytoarchitecture and axonal projection patterns (Petrides and Pandya, 1999; Sallet et al., 2013; Walker, 1940) in each hemisphere of each monkey (Figures S5A and S5B; see Discussion) .
Inactivation of the Frontopolar Cortex Selectively Impairs Metacognitive Evaluation of Non-experienced Events To examine the direct causal impact of neuronal activity localized at area 10 on metacognitive performance, we bilaterally microinjected a GABA-A receptor agonist (muscimol) or a vehicle (saline; Figure 4A ; for a direct comparison of the injected site and metacognition area identified by fMRI analysis, see Figures S5C and S5D) and evaluated the severity of impairment in confidence judgment by comparing F before and after injection
The results revealed dissociated behavioral impairments in confidence judgment: comparisons of DF showed a significant interaction between injection and memory task conditions ([muscimol and saline] 3 [experienced and non-experienced]; F 1,13 = 4.77; p = 0.047; Figure 4B ), with no difference in impairment between monkeys (interaction for injection conditions 3 memory conditions 3 monkeys; F 1,13 = 0.89; p = 0.36; for session-by-session data and impairment evaluation by F [POST-injection], see Figure S6 ). Muscimol injection evoked a significantly greater impairment than saline injection only in the non-experienced condition (simple main effect test; F 1,26 = 10.16; p = 0.0037). Only with muscimol injection, the amount of impairment was significantly greater for the non-experienced than the experienced condition (F 1,13 = 8.28; p = 0.012). Moreover, meta-d', an integrated index of metacognitive performance for both experienced and non-experienced conditions, deteriorated in muscimol injection as compared with saline injection (t 15 = 2.24; p = 0.040; Figure 4C ). Notably, muscimol injection did not impair the recognition process per se: d', an index of recognition performance, did not differ between muscimol and saline injection (t 15 = 1.08; p = 0.29; Figure 4D ), and recognition performance was consistently significantly higher than chance before and after muscimol injection (p < 0.05 for both; Figure 4E ).
Metacognitive Process of Non-experienced Events during Recognition and Confidence Judgment
In the present study, the bet stage followed the memory stage, and reward was given based on the combination of behavioral responses in both stages. Thus, the monkeys performed metacognitive judgment at a moment between memorial decision in the memory stage and confidence reports in the bet stage. Therefore, we also performed a whole-brain search for cortical areas in which fMRI activities predict metacognitive performance for experienced and non-experienced items by calculating a correlation coefficient (r F 3 fMRI ) between sessionby-session metacognitive performance (F Experienced and F Non-experienced ) and fMRI activity in the bet stage. However, no cortical sites activated in correlation with metacognitive performance were identified after whole-brain correction at a voxel level ( Figure S8A ; see also Figure S8E and Discussion). Moreover, by a liberal ROI-based quantification, brain activities of area 10 in the bet stage were not correlated with either metacognitive or recognition performance. This was in contrast with the observation that brain activities in the memory stage were specifically correlated with phi coefficient for non-experienced items and meta-d' ( Figure S8B) .
To examine what type of neural mechanism operates during the memory stage, we performed a task-evoked connectivity analysis based on psycho-physiological interaction (PPI) (Friston et al., 1997) with the seed set at the hippocampus, of which activity was correlated with recognition performance (d'). We found that a significant task-evoked connectivity was observed between area 10 and the hippocampus in the memory stage Table S1 .
(t 47 = 2.55; p = 0.013), but not in the bet stage (t 47 = À1.41; p = 0.16; Figure S8C ). Furthermore, the size of task-evoked connectivity was correlated with recognition performance only in the memory stage (r d' 3 PPI = 0.35; p = 0.012; Figure S8D ). These observations suggest that, during the memory stage, recognition signals processed in the hippocampus are sent to area 10 and, immediately, the metacognitive process selective for non-experienced items takes place at area 10. On another front, activity in area 9 (aPSPD) was correlated with metacognitive performance for remote memory, but not with that for non-experienced items ( Figure 3B ). Moreover, between area 10 and area 9, a strong resting-state functional connectivity was observed ( Figure 3C ). This clear functional differentiation of area 10 for metacognitive judgment of non-experienced items and area 9 for that of experienced items suggests that these two areas cooperatively work to support metacognitive judgments in ecological situations ( Figure 5 ).
DISCUSSION
In the present study, we found that the neural substrates of ''ignorance'' were specifically localized at the most rostral edge of the prefrontal cortex (area 10), which is distinctive from the substrates of experienced events localized in the dorsal prefrontal cortex (area 9). For the first time, we provided causal evidence on the cognitive mechanism of higher-order concepts (e.g., introspection) located within area 10, which has been unavailable due to limitation on the application of invasive methods targeted to sites localized by fMRI in humans (Logothetis, 2008; Miyamoto et al., 2014b; Osada et al., 2008; Vanduffel et al., 2014) . Here, by calculating correlation coefficients between fMRI activity and metacognitive performance in each voxel across the whole-brain volume, we localized neural correlates of metacognition for non-experienced events ( Figure 2 ; Table 1 ; p < 0.05; FWE corrected), which had only been detected as subthreshold activity by comparison of fMRI signals between highbet and low-bet trials in our previous study ; see also Imaging data in STAR Methods). It is noteworthy that, by ROI-based quantification, a significant correlation of fMRI activity with metacognitive performance on non-experienced items, remote memory, and recent memory was selectively identified in area 10, area 9 (aPSPD), and area 6 (SEFa), respectively, by both of the following fMRI contrasts: ''correct rejection (CR) versus hit'' and ''high-bet versus low-bet'' (Figures S4 and S7; see also Figure 3 in Miyamoto et al., 2017) . We would like to emphasize that a functional differentiation in the prefrontal (B) Correlation of behavioral performance and fMRI activity in the aPSPD and hippocampus, defined by previous monkey studies on metacognition and recognition , as well as in the anatomically defined area 10 (as calculated in A). *p < 0.05; **p < 0.01; ***p < 0.001. See Figure S4 for r F 3 fMRI separately estimated for remotely and recently experienced items.
(C) Resting-state functional connectivity between the localized area 10 (see Figure 2B ) and aPSPD )/hippocampus . Also see Figures S2 , S3, S4, and S7.
cortex was observed throughout a series of our studies: focal inactivation of area 10, area 9, and area 6 by targeted muscimol injection impaired metacognitive performance selectively for non-experienced items, remote memory, and recent memory, respectively (Figures 4 and S6 in this study and Figure 4 in Miyamoto et al., 2017) . The peaks of the spots for metacognition of non-experienced items identified by fMRI analysis located anteriorly and dorsally to the anterior end of the principal sulcus on the lateral surface of the prefrontal cortex in each hemisphere of each monkey. Moreover, they locate even anteriorly with respect to the most anterior dimple of salience (anterior supraprincipal dimple). This area is classified as area 10 by cytoarchitecture-based anatomical demarcation both by Petrides and Pandya (1999) and Walker (1940;  Figure S5B ). The spots of metacognition identified by fMRI are fully covered by the injected regions visualized by gadolinium contrast agent ( Figures 2C, 4A , and S5). The injected center fell within area 10 based on both two anatomical demarcations mentioned above in each hemisphere of each monkey. The peaks of the spot of metacognition identified by fMRI (Table S1A) were located at the very proximity of injected centers detected by gadolinium ( Figure S5D) . Thus, the extent of cortical area with its neuronal activity suppressed by muscimol injection is supposed to cover the peak of spots of metacognition sufficiently (Arikan et al., 2002; Martin, 1991) . However, the possibility should be taken into account that neuronal activity outside area 10 might also be suppressed.
In the present study, response latency for memory decision on non-experienced items was longer than that on experienced items ( Figure S2F ), presumably reflecting difficulty in memorial judgment for non-experienced items that may require comprehensive search in memory. Especially in the current task design, as differently from experimental designs applicable to humans with verbal abilities, it is inevitable to provide the sensory information given as a ''seen'' picture with animal subjects for testing metacognition on experienced items. This might have reduced task demands as compared with testing metacognition on non-experienced items, which requires comprehensive search of one's own memory. However, we confirmed that fMRI activity in area 10 was significantly correlated with metacognitive performance specifically for non-experienced items (p < 0.05; FWE corrected across the whole-brain volume), even after ruling out an overall difficulty account by partialling out response-latency-related signals (Tables 2, upper, and S1B; Figures S3A and S3B). Furthermore, to confirm that brain activities reflecting overall task difficulty were appropriately excluded by the abovementioned modified analysis, we examined the components that were regressed out as a neural correlate of variance in response latency. Actually, in well-known areas responsive to a higher cognitive demand (the anterior cingulate cortex, orbitofrontal area, prefrontal area around the principal sulcus, and precuneus; Mansouri et al., 2017a Mansouri et al., , 2017b Weissman et al., 2006) , the fMRI activity was correlated with response latency (Figures S3C and  S3D) . Moreover, session-by-session fMRI activity (CR-hit) and response latency were not correlated in the frontopolar cortex, even though they were strongly correlated in the anterior cingulate cortex ( Figure S3E ). These observations suggest that the frontopolar cortex is recruited specifically for metacognitive judgment in the non-experienced condition rather than being responsive to the overall difficulty.
Another possible explanation for the fMRI activity specific for non-experienced items is an asymmetry in covert attention between the well-adapted ''non-seen'' symbol and the lessadapted ''seen'' picture (see Figure S1A for task design). However, this possibility is unlikely from the evidence of both behavioral and fMRI analyses. Behaviorally, response latency known to reflect covert attention (Caspari et al., 2015) was not correlated with phi coefficient of either experienced items or non-experienced items ( Figure S1G ). Moreover, there was no interaction between the behavioral response in the memory stage (seen picture or not seen symbol) and the bet stage (high-bet or low-bet; Figure S1H ). These observations suggest absence of relationships between possible differences in attention and metacognitive decisions. From fMRI analysis, the Metacognition sites in which fMRI activities are correlated with phi coefficient for non-experienced and experienced items after partialling out variance related to response latency commonly for non-experienced and experienced items (upper) or separately for non-experienced and experienced items (lower). Significant peaks were detected at the threshold of p < 0.05, corrected by FWE across the whole-brain volume. Also see Figure S3 and Table S1 .
activity in area 9/46v around the principal sulcus, which had been reported to be active in the covert attention process (Caspari et al., 2015; Kaping et al., 2011) , was found to correlate with the response latency for non-experienced items. In contrast, no significant correlation between fMRI activity and response latency was detected in area 10 identified as a neural correlate of metacognition for non-experienced items (Figures S3F and S3G) . As contrasted to the memory stage mainly analyzed in the present study, no cortical activity correlated with metacognitive performance was found during the bet stage after the wholebrain correction at a voxel level (Figures S8A and S8B) . However, we would also like to mention that, even though its significance did not satisfy the criterion of the whole-brain correction, fMRI activity in a posterior parietal area (area PG) in the bet stage was correlated with metacognitive performance for non-experienced items (F Non-experienced ; [x, y, z] = [À21, À30, 17]; Z = 4.13; p = 1.8 3 10 À5 ; uncorrected; Figure S8E ). In macaques, we previously demonstrated that area PG is active for successful memory retrieval . In humans, involvements of the posterior parietal cortex for metamnemonic judgment were reported (Simons et al., 2010) . Consistent with these studies, the fMRI activity at the identified site within area PG was correlated with both metacognitive performance for all items (meta-d') and recognition performance (d'), but not with metacognitive performance for experienced items (F Experienced ). Furthermore, we would like to note that confidence signal (high-bet À lowbet) in the bet stage could be hardly separable from rewardrelated signals ( Figures S8F-S8H ) (Neubert et al., 2014; Schultz, 2000) , as discussed in our previous study . Neuroimaging studies in humans have indicated that the frontopolar cortex (FPC) sits atop a prefrontal hierarchy and that the FPC is associated with higher-order control functions with Table S1A respect to task goal that supervise or integrate ongoing processing in other lower-order cognitive or motor processes (Badre and D'Esposito, 2009; Passingham and Wise, 2012) . However, a study in monkeys reported that behavioral performance in conflicting goal-directed tasks improved after lesions of the FPC (Mansouri et al., 2015) . In contrast to the non-straightforward relationship between the fMRI and lesion results in goal-directed tasks, our current results in the metacognition task yielded a coherent view derived from both whole-brain fMRI search and targeted reversible inactivation. Notably, a pioneering study by Boschin et al. (2015) found that FPC lesions selectively impaired rapid one-trial learning about unfamiliar objects and unfamiliar objects in scenes as well as rapid learning about novel abstract rules. However, the ability on the simultaneous application of two distinct rules, for which involvement of the human FPC was reported, was unaffected by the FPC lesion. The study highlighted the role of the FPC-mediating exploration and rapid learning about the relative value of novel behavioral options. Taken together with these findings and the proposed functions of FPC by human studies, area 10 possibly contributes to abstraction of novel concepts with respect to one's own goal or metacognitive reasoning to deal with unfamiliar situations. Our findings demonstrating the causal impairment of metacognition for non-experienced items by inactivation of area 10 provide direct evidence with this idea and will give a common framework that could also explain the results by Boschin et al. (2015) . Boorman et al. (2009 Boorman et al. ( , 2011 reported the role of human FPC to code a counterfactual reward value of unchosen options and interact with other areas (e.g., ventromedial prefrontal cortex) coding a received reward value of current decision, suggesting that FPC generates goal-directed behavior on events not currently being experienced. This framework is also compatible with reports of neuronal activities recording from macaque FPC, which suggested that cell activity in FPC is coupled with behavior in selfgenerated decision making, but not in rule-instructed decision making (Tsujimoto et al., 2010 (Tsujimoto et al., , 2012 . Neural correlates of metacognition have even been investigated in human subjects (Kikyo et al., 2002; Maril et al., 2003) . A neuroimaging study using voxelbased morphometry (VBM) in humans (Fleming et al., 2010) especially identified a frontopolar cortical area (BA 10) as a neural correlate of introspection regarding perceptual decisions. On another front, a report with theta-burst transcranial magnetic stimulation (TBS) in humans suggested that modulation of frontopolar activity improved the performance of judgment of learning (JOL), an assessment of metamemory ability (Ryals et al., 2016) . The present study provides causal evidence on a shared neural mechanism of introspection, which was predicted from the VBM study (Fleming et al., 2010) and the TBS study (Ryals et al., 2016) on metacognition in human FPC directly by deterioration of meta-d' after inactivation of area 10. Furthermore, selective deterioration of F Non-experienced with no effect on F Experienced revealed that the frontopolar cortex specifically confers not awareness of past experience in general but awareness of one's own ignorance ( Figure 5 ).
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Figure 5. Proposed Model of Neural Network for Metacognitive Judgment of Non-experienced and Experienced Events
The frontopolar cortex (area 10) contributes selectively to metacognitive judgment of non-experienced events or metacognition on one's own ignorance (see also Figures 2, 3A, and 3B), by interacting with a center for recognition (hippocampus; see also Figures S8C and S8D ). The frontopolar cortex and a dorsal prefrontal cortex (area 9; aPSPD), a center for metamnemonic judgment (see also Figure 3B ), cooperatively work for metacognitive judgment of non-experienced and experienced events (see also Figure 3C ). Solid double-headed arrow, task-evoked connectivity (hippocampus À area 10; for hippocampus À IPL, see Miyamoto et al., 2013 ; for area 9 À IPL, see Miyamoto et al., 2017) ; dotted double-headed arrow, resting-state functional connectivity (area 10 À area 9; for recognition memory network, see Miyamoto et al., 2013) . Also see Figure S8 . 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All experimental protocols, animal welfare, and steps for ameliorating suffering were in full compliance with the Guidelines for Proper Conduct of Animal Experiments by the Science Council of Japan, with the University of Tokyo's ''Guidelines Regarding Animal Research and Animal-Experimentation Manual,'' and with the ''NIH Guidelines for the Care and Use of Laboratory Animals.'' The experimental protocol was approved by the University of Tokyo School of Medicine Animal Care and Use Committee (Permission Number, MED: P11-098). Two adult female monkeys (Macaca fuscata, monkey E: 7.0 kg, monkey O: 6.5 kg) participated in both functional MRI (fMRI) experiments and reversible-inactivation behavioral experiments. Monkeys were housed in standard primate cages in an air-conditioned room under a 12/12-h light-dark cycle. Toys and puzzle feeders were provided for environmental enrichment. Monkeys were given primate food supplemented with fruits and vegetables.
Prior to all experiments, monkeys were trained and adapted to perform behavioral tasks outside and inside the magnet bore of an MRI scanner as described previously (Koyama et al., 2004; Miyamoto et al., 2013 Miyamoto et al., , 2014a Miyamoto et al., , 2017 Nakahara et al., 2002; 2015). We started the training from the naive state in one monkey (O), and from a well-trained state for a conventional recognition task in the other monkey (E). For monkey O, it took 4 months to acquire the conventional recognition task. For both monkey O and E, it took 5 months to acquire the metamemory task (learning criteria, phi coefficient > 0 for OLD and NEW conditions over three consecutive days), and 3 months to acquire steady task performance inside the MRI gantry. The monkeys learned this metacognition task by trial and error. During the training, we only manipulated relative amount of reward across four conditions ([correct, incorrect] 3 [high-bet, low-bet]) session by session. We encouraged monkeys to make a correct decision in the Memory stage without immediate reward feedback and to optimally choose a high-bet or low-bet option based on their memory decision, voluntarily. Functional MRI experiments began when the monkeys were consistently able to perform both recognition memory tasks and confidence judgments regarding their own retrieved memory in the MRI scanner with non-invasive head stabilization . Before inactivation experiments, a head holder and a recording chamber for microinjection were surgically implanted under aseptic condition into the skull using titanium screws and dental acrylic according to standard protocols under sterile conditions as described previously . Monkeys were initially sedated with medetomidine (0.03 mg/kg, intramuscularly [i.m.]) and midazolam (0.3 mg/kg, i.m.), and next they were anesthetized by isoflurane (0.8%-1.7%) throughout the surgery under mechanical ventilation (ADS1000; Shin-Ei Industries, Tokyo, Japan). Surgical treatments were performed after confirming the disappearance of the pain reflex. During the anesthesia, blood pressure, heart rate, SpO2 and EtCO2 (BSM-3592 with GF119P unit; Nihon Kohden, Tokyo, Japan) were continuously monitored to optimize ventilation and gas concentration. Atropine (0.015 mg/kg body weight [BW], intravenously [i.v]) or ephedrine (0.16 mg/kgBW, i.v.) was administered as needed to sustain heart rate and blood pressure. Body temperature was maintained with a heat blanket. Monkeys were given postsurgical analgesics (ketoprofen, 1 mg/kg/day, i.m.) for at least three days, as well as postsurgical prophylactic antibiotics (benzylpenicillin, 20,000 unit/kg/day; ampicillin, 100 mg/kg/day, i.m.; or enrofloxacin, 5mg/kg/day, subcutaneous injection) for one week, as described previously Osada et al., 2015) .
METHOD DETAILS Behavioral Tasks
Monkeys performed the same metacognition task in both fMRI and inactivation experiments. The procedure ( Figure S1 ) has been described in detail previously . In brief, each trial consisted of a Memory stage and a Bet stage, separated by a 4 s inter-stage period. In the Memory stage, the animals were required to perform a serial probe recognition task Wright et al., 1985) . In the Bet stage, animals were required to make confidence judgments regarding their decisions during the Memory stage in a post-decision wagering paradigm (Kornell et al., 2007; Middlebrooks and Sommer, 2011; Shields et al., 2005) : They were required to report, via a wager, whether a correct response had likely been made in the precedent Memory stage. To obtain a reward on any trial, completion of both Memory and Bet stages was required.
In the Memory stage, after a random interval of 0.5-2.5 s, the list of four cue items appeared serially (''Cue 1-4''). Each item was presented at the center of the monitor for 700 ms followed by interstimulus intervals of 500 ms. For the stimuli, 1,000 pictures of natural and artificial objects selected from the HEMERA Photo-Object database (Source Next, Tokyo, Japan) were used, which were cropped and presented to the animals at a visual angle of 3.6 3 3.6 degrees. Each picture was presented in only one trial on each experimental day (session). The last list item was followed by a delay period (''Delay'') that varied between 3.5 and 5.5 s on a trial-by-trial basis. Then, the monkey was presented with two choice stimuli, one test item and one ''not seen'' symbol (a triangle for monkey E and a cross for monkey O), one each on the right and left side at 3.9 degrees (''Choice''). The assignment of an item and the symbol to the left or right side was randomly selected on a trial-by-trial basis. In half the trials, the test item in the choice period was the same as one of the cue items, and in the other half of trials, the item had not been presented as a cue item. Monkeys were required to respond by moving the joystick in the direction of the test item if it was from the cue item list, or by moving the joystick in the ''not seen'' symbol direction if it was not from the list. At the Memory stage, they received no performance feedback, or reward delivery.
In the Bet stage, after a random interval of 0.5-2.5 s, two bet targets appeared: a pink ''high-bet'' target and a green ''low-bet'' target (for Monkey E; color assignments were reversed for Monkey O). The assignment of high-bet and low-bet targets to the left or right side was randomly selected for each trial. Monkeys reported their bet by moving the joystick in the direction of one of the two bet targets. At the end of each trial, a reward was delivered, the amount of which was based on how appropriate the bets were relative to memory performance during the Memory stage. If the monkeys correctly answered in the Memory stage and bet high, they earned the maximum reward (monkey E: 0.8 mL, monkey O: 1.1 mL). If the monkeys made an incorrect decision in the Memory stage and bet high, they received no reward and a 10 s time-out. Betting low earned a sure but minimal reward (monkey E: 0.6 mL, monkey O: 0.6 mL for correct decisions; monkey E: 0.5 mL, monkey O: 0.4 mL for incorrect decisions). In the training of metamemory task, the reward schedule was adjusted so that each animal chose high-bet and low-bet options almost equivalently and stably. Then the schedule was fixed and consistently used in the subsequent experiments. Monkeys could optimize the total amount of received reward by placing high bets following a correct decision in the precedent Memory stage and low bets after an incorrect decision ( Figure S1A ). If monkeys released the joystick before making a bet, the trial was immediately aborted. The next trial began after a 4 s inter-trial interval.
Imaging Data Acquisition
Whole-brain functional mapping was conducted during performance of the metamemory task in supine position. Functional images were acquired in a 4.7-T MRI scanner (Biospec 47/40; Bruker, Ettlingen, Germany) with 100 mT/m actively shielded gradient coils and a transceiver saddle RF coil (Takashima, Tokyo, Japan), as described previously (Miyamoto et al., , 2014a Osada et al., 2015) . In each session, functional data were acquired using a gradient-echo echo-planar imaging (EPI) sequence (1-shot, TR = 2.5 s, TE = 20 ms, 1.25 3 1.5 mm 2 in-plane resolution, 64 3 96 matrix, slice thickness = 1.5 mm with inter-slice gap = 0.2 mm, 30 horizontal slices covering the whole brain).
In separate sessions, under propofol anesthesia (5-10 mg/kg/h, i.v.), high-resolution T1-weighted structural images of the monkey brains were obtained using the 3D-MDEFT sequence (0.5 mm isotropic). High-resolution EPI (32-shot, TR = 3 s, TE = 20 ms, 0.625 3 0.75 mm 2 in-plane resolution, 128 3 192 matrix, slice thickness = 0.75 mm with inter-slice gap = 0.13 mm, 54 horizontal slices covering the whole brain) were also acquired to serve as the template images for spatial normalization (see below). For acquisition of structural images to display injected sites with gadolinium contrast medium ( Figure 4A ), we scanned structural images using the fast-spin echo (FSE) sequences (TR = 1.0 s, TE = 11.4 ms, 0.4 3 0.4 mm 2 in-plane resolution, 256 3 256 matrix, slice thickness = 1.0 mm, 30 coronal or sagittal slices covering the injected sites). For resting-state functional connectivity analysis, fMRI data under anesthesia were collected as described previously from the same monkeys that had performed the metacognition task in fMRI and injection experiments. Anesthesia was introduced with an intramuscular injection of medetomidine/midazolam (30 mg/kg and 0.3 mg/kg, respectively) and maintained with continuous intravenous infusion of propofol (6-10 mg/kg/h) before the MRI experiments. During the acquisition of functional images, anesthesia was switched to continuous intravenous infusion of dexmedetomidine (10 -15 mg/kg/h), which was maintained thereafter. Heart rate, oxygen saturation, and blood pressure were continuously monitored. Body temperature was kept constant using a bag with circulating hot water. Lactated Ringer's solution containing 5% glucose was given intravenously (5 mL/kg/h) throughout the experiment. Nine runs of 477 functional volumes were collected from each monkey.
Targeted Reversible Inactivation and Behavioral Test Muscimol Microinjection
We microinjected a GABA-A receptor agonist (muscimol) into the bilateral target sites in area 10, which we identified by fMRI experiment, in order to evaluate the causal contribution of the area to metacognitive behavior. For this purpose, we used an injection-electrode (injectrode) specifically developed for microinjection in non-human primates as described previously Tamura et al., 2017) . Briefly, a customized ultra-small stick-shaped syringe-pump (column size, 10 mL; the minimum step, 2 nL; Takasago Electric, Nagoya, Japan) was directly connected to an injection-electrode (injectrode; for its detailed assembly and design, see Figures S1A-S1D of Tamura et al., 2017) . The injectrode consisted of a PYREX glass micropipette (i.d. 310 mm, o.d. 400 mm; taper length 10 mm, shaft length 90 mm; Takao Manufacturing, Kyoto, Japan) in which both a polyimide-coated ultra-thin tungsten wire electrode (length, >200 mm; diameter, 20 mm or 0.0008 inches; impedance, 0.5 MU at 1 kHz; California Fine Wire, California, USA) and a blunt-end stainless steel injection needle (length, 90 mm; 32 gauge; Takasago Fluidic Systems, Nagoya, Japan) were inserted. The gap between the glass pipette and the stainless-steel needle was sealed with a low viscosity visible-light-curable adhesive (Henkel, D€ usseldorf, Germany) . The tip of the glass pipette and the wire were ground together at an angle of 30 to form a sharp tip with the desirable diameter (approx. 70 mm). The injectrode and syringe pump were held and manipulated by a conventional hydraulic manipulator for electrophysiological recording (Narishige, Tokyo, Japan). The coordinates of microinjection were the peaks of correlation in each hemisphere localized by the fMRI experiments in each monkey (Table S1A) . We inserted the injectrode while recording single-/multi-unit activities. In every session, by the online unit activity monitoring, we identified the cortical surfaces of the target sites and placed the injectrodes' tip at a depth of 0.7 mm from the cortical surface, corresponding to the gray matter of the target cortical sites. We injected muscimol (Sigma-Aldrich, St. Louis, USA; 3.33 mg/mL dissolved in saline, 1.5 mL/site) at a speed of 2 nL/1.2 s in 10 min after reaching the targeted depth. We confirmed that spiking activities were diminished following microinjection. 10 min after completion of the injection, we removed the injectrodes. Saline Microinjection As a control for muscimol injection, we performed saline microinjection with the same protocol and the same apparatus used for muscimol microinjection. The coordinates of injection sites, depth of injection site from the identified cortical surface (1.0 mm), injection volume (1.5 mL), and injection speed (2 nL/1.2 s) were the same as in the muscimol experiments.
Behavioral Test Schedule
In each experimental session, the monkeys first performed a standard serial probe recognition task (Memory stage only) for warm-up (15-20 trials) , and then performed the metacognition task (typically 60 trials; PRE). After this PRE-injection behavioral test, we microinjected muscimol or saline (see above). Monkeys performed the same metacognition task (60-100 trials; POST) and a standard serial probe recognition task (15-40 trials) 30-90 min after completion of microinjection. Essentially, muscimol and saline microinjection were performed alternately. We administered muscimol [or, saline] at least 2 [3] days after the saline [muscimol] injection. We performed a total of 10 muscimol injection sessions (five from each monkey E and O) and 7 saline injection sessions (three from monkey E and four from monkey O).
Gadolinium Contrast Medium Injection
To confirm that muscimol/saline was precisely delivered to the targeted sites, in separate sessions we bilaterally injected gadolinium contrast medium (MRI contrast agent; Guebert LLC Bloomington, IN, USA), instead of muscimol or saline, to the same sites in area 10. We performed microinjection with the same protocol and apparatus used for muscimol/saline microinjections. The coordinates of injection sites and depth of injection site from the identified cortical surface (1.0 mm) were the same as in the muscimol experiments. Gadolinium contrast medium (100 mM dissolved in saline, 0.5-1.0 mL/site) was injected at a speed of 2 nL/1.2 s. Immediately after the removal of injectrodes, the monkeys were sedated with medetomidine and midazolam to stabilize their heads to facilitate acquisition of high-quality structural FSE MRI scan images optimized for visualization of gadolinium contrast medium. We performed a co-registration between the FSE image ( Figure S5D , right panel of each monkey) and a 3D MDEFT brain template image (see Imaging Data Acquisition above) optimized for visualization of gray/white matter distributions ( Figure S5D , background layer in left panel of each monkey). For precise co-registration, we masked outside of the brain for both images, and co-registered both images so as to match the lateral surface of the prefrontal cortex with a high weight (see Figure 2C , Figure 4A , and Figure S5 ).
QUANTIFICATION AND STATISTICAL ANALYSIS
Behavioral Data
Recognition memory performance was evaluated by the d' index of type-I signal detection theory (Macmillan and Creelman, 2004) . Metacognitive performance of monkeys was evaluated by both meta-d', an index based on type-II signal detection theory (Maniscalco and Lau, 2012) , and the phi coefficient (F), a contingency-table-based correlational index (Kornell et al., 2007; Middlebrooks and Sommer, 2011) . The meta-d' index ( Figure 1B ) was calculated using Type 2 SDT toolbox on MATLAB developed by Maniscalco and Lau (2012) , which has been widely used for evaluation of metacognitive skills. The F index was calculated for each session in each memory condition (F Experienced , experienced items; F Non-experienced , non-experienced items) according to the following formula using the number of trials classified in each case [n(case)]:
phi coefficientðFÞ = nðCorrect HighÞ 3 nðIncorrect LowÞ À nðCorrect LowÞ 3 nðIncorrect HighÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi nðCorrectÞ 3 nðIncorrectÞ 3 nðHighÞ 3 nðLowÞ p This F index ( Figure 1C ) evaluates how optimally each trial was assigned to a high-or low-bet option in the Bet stage, based on performance in the preceding Memory stage. We analyzed and summarized behavioral data during the fMRI scanning sessions ( Figures  1B-1D and Figure S1 ). We confirmed that monkeys performed this task during the PRE injection of behavioral reversible inactivation (Figure 4 and Figure S6 ). To evaluate causal metacognitive impairment in inactivation experiments, we used the following formula: Figure 4B ). The DF index was calculated separately for experienced items (DF Experienced ) and non-experienced items (DF Non-experienced ). Causal metacognitive impairment was also evaluated by the following formula: Figure 4C ). To evaluate causal recognition impairments, we used the following formula: Figure 4D ).
Imaging Data
We conducted preprocessing and whole-brain analysis of fMRI data with SPM8 (http://www.fil.ion.ucl.ac.uk/spm) as described previously (Miyamoto et al., , 2014a Osada et al., 2015) . Functional images were realigned, corrected for slice timing, spatially normalized to the template image with interpolation to a 1 3 1 3 1-mm 3 space, and smoothed with a Gaussian kernel (3-mm full-width at half-maximum). The template image was constructed from the high-resolution EPI of Monkey O by co-registering it to Monkey O's anatomical template MDEFT image and arranged in the bicommissural space in which the origin was placed at the anterior commissure (Koyama et al., 2004; Miyamoto et al., 2013 Miyamoto et al., , 2014a Miyamoto et al., , 2017 Osada et al., 2015) . We performed a voxel-wise GLM analysis implemented in SPM, which includes separate predictors at choice onset during the Memory stage for correct recognition of experienced items (Hit) and correct identification of non-experienced items (Correct Rejection; CR). These events were modeled as delta functions convolved with the canonical hemodynamic response function and its temporal and dispersion derivatives. The six parameters of head motion derived from realignment were also included in the model as covariates of no interest. This analysis was conducted for the fMRI data on a session-by-session basis.
For the whole-brain search for loci in which activity predicts metacognitive performance, we calculated correlation coefficients (r F 3 fMRI ) between confidence judgment performance (F) and fMRI activity (beta value) at each voxel within the whole-brain volume. For reliable evaluation of F index, sessions with at least 12 trials for both experienced items and non-experienced items were analyzed (Monkey E, 15 sessions; Monkey O, 9 sessions). In the group analysis of data, F and fMRI activity were z-transformed (across sessions for each monkey) before r F 3 fMRI was calculated. For non-experienced items, r F 3 fMRI, was calculated by F Non-experienced and fMRI activity (CR -Hit) in each session ( Figure 2B and Table 1 ). For experienced items, r F 3 fMRI, was calculated based on F Experienced and fMRI activity (Hit -CR) in each session ( Figure 2B ). The coordinates of the peaks of r F 3 fMRI at the threshold of p < 0.05 with family-wise error (FWE) correction across the whole brain volume were listed in Table 1 . The peaks were labeled by referring to the atlas of Petrides and Pandya (1999) and Paxinos et al. (2008) with anatomical landmarks by sulcus/dimple. By following these anatomical criteria, along with Walker (1940) , the lateral surface of PFC dorsally to the anterior end of the lip of the as a neural correlate of variance in response time for non-experienced items (CR) and for experienced items (Hit) separately by using a random effects model by each session's data ( Figure S3F ). In ROI-based evaluation of the parametric estimate of response latency, in addition to area 10, we examined parametric estimates of response latency in area 9/46v, which was reported to be responsive to selective attention in monkeys (Caspari et al., 2015) ([x, y, z] = [-17, 7, 19] , [17, 6, 16] ; radius, 2mm; see also Miyamoto et al., 2017) . Furthermore, we examined a possibility that the session-by-session attention to non-experienced items evaluated by differences in preference to choose the 'not seen' symbol (the number of trials 'not seen' symbol was chosen / the total number of trials) could generate the session-by-session difference in fMRI activity (Hit-CR or CR-Hit). We calculated a correlation coefficient between this difference in preference and fMRI activity extracted by the original analysis at area 10 and the hippocampus ( Figure S3G ). To evaluate the fMRI activity in the Bet stage ( Figure S8A-S8E ), we performed session-by-session GLM analysis of fMRI activities including separate predictors at bet option onset during Bet stage for Hit, CR, Miss, and FA trials, as well as choice item onset, cue item onset, and the six parameters of head motion. Correlation coefficients between fMRI signals and metacognitive/recognition performance were calculated as for the Memory stage. The neural correlates of metacognition in the Bet stage were evaluated by both whole-brain search ( Figures S8A and S8E ) and ROI-based quantification ( Figure S8B ).
To calculate resting-state functional connectivity, functional images of spontaneous activity under anesthesia underwent several additional preprocessing steps for intrinsic correlation analyses, as described previously (Friston et al., 1997; Miyamoto et al., 2013; Osada et al., 2017) . The time series from each run were temporally filtered to retain frequencies in the 0.0025 Hz < f < 0.05 Hz band. Several sources of spurious variance were removed from the filtered time series by regression of nuisance variables including six parameters obtained by realignment and the signals averaged over the whole brain. A Pearson correlation was calculated between the average of BOLD time series over all voxels within 2 mm of the peak of r F 3 fMRI at the area 10 for each monkey (listed in Table S1A ) and the BOLD time series in each voxel in the whole-brain volume. The correlation value was defined as resting-functional connectivity and the peak correlation value within ROIs defined above was summarized ( Figure 3C) .
To examine task-evoked connectivity between hippocampus and other cortical areas in response to memory retrieval, we conducted psychophysiological interaction (PPI) analysis. We calculated PPI in CR trials versus Hit trials by setting the left or right ROI (radius, 2 mm) of the hippocampus as the seed at the following two task periods separately: 1) the onset of choice item in the Memory stage; and 2) the onset of bet options in the Bet stage ( Figure S8C , left panels). Then we evaluated the size of PPI to the ROI of the right and left area 10 (radius, 2 mm) session by session ( Figure S8C , right panels). Furthermore, for the PPI from the hippocampus to area 10, we calculated the following two indices ( Figure S8D 
Statistics
We corrected p values for multiple comparisons when necessary (Poldrack, 2006; Poldrack et al., 2008) . For identification of the areas predicting metacognitive performance, we applied FWE correction across the whole-brain volume. Error bars in the figures depict standard errors of the mean (SEM). No statistical methods were used to predetermine sample size. However, our sample size for numbers of animals, behavioral sessions, and fMRI runs/volumes were similar to those reported in previous publications (Miyamoto et al., , 2014a Moeller et al., 2008; Osada et al., 2015; Van Dromme et al., 2016) .
DATA AND SOFTWARE AVAILABILITY
The data and code that support the findings of this study are available from the Lead Contact upon reasonable request.
